One of the key problems of molecular bioenergetics is the understanding of the function of redox-driven proton pumps on a molecular level. One such class of proton pumps are the heme-copper oxidases. These enzymes are integral membrane proteins in which proton translocation across the membrane is driven by electron transfer from a low-potential donor, such as, e.g. cytochrome c, to a high-potential acceptor, O 2 . Proton pumping is associated with distinct exergonic reaction steps that involve gradual reduction of oxygen to water. During the process of O 2 reduction, unprotonated high pK a proton acceptors are created at the catalytic site. Initially, these proton acceptors become protonated as a result of intramolecular proton transfer from a residue(s) located in the membrane-spanning part of the enzyme, but removed from the catalytic site. This residue is then reprotonated from the bulk solution. In cytochrome c oxidase from Rhodobacter sphaeroides, the proton is initially transferred from a glutamate, E(I-286), which has an apparent pK a of 9.4. According to a recently published structure of the enzyme, the deprotonation of E(I-286) is likely to result in minor structural changes that propagate to protonatable groups on the proton output (positive) side of the protein. We propose that in this way, the free energy available from the O 2 reduction is conserved during the proton transfer. On the basis of the observation of these structural changes, a possible proton-pumping model is presented in this paper. Initially, the structural changes associated with deprotonation of E(I-286) result in the transfer of a proton to an acceptor for pumped protons from the input (negative) side of the membrane. After reprotonation of E(I-286) this acceptor releases a proton to the output side of the membrane. D
Introduction
Heme-copper oxidases are membrane-bound protein complexes which catalyze the reduction of oxygen by an external electron donor in the respiratory chains of bacteria and mitochondria. The electron donor can be either quinol (quinol oxidases) or cytochrome c (cytochrome c oxidases). In many oxidases, part of the energy released in this exergonic reaction is used to translocate protons across the membrane, thus contributing to the maintenance of an electrochemical proton gradient. This proton gradient is used, for example, by another protein complex, the ATP synthase, for formation of ATP from ADP and inorganic phosphate.
Cytochrome c and quinol are one-and two-electron donors, respectively, while four electrons are required for the reduction of O 2 to water. Since the electrons are donated sequentially, partly reduced oxygen states (intermediates) appear at the enzyme's catalytic site during the reduction process. In the case of cytochrome c oxidase, electrons from cytochrome c are first donated to the primary acceptor, a dinuclear copper center, Cu A . From Cu A electrons are transferred to a heme group, heme a, and further onto the catalytic center consisting of a heme group (heme a 3 ) and a copper ion (Cu B ), called the binuclear center (Fig. 1 , for discussion of the structure and function of cytochrome c oxidase, see Refs. [1] [2] [3] [4] [5] [6] [7] ).
One cytochrome c oxidase that has been studied extensively and for which the three-dimensional structure has been determined recently is cytochrome aa 3 from Rhodobacter (R.) sphaeroides [8] (Fig. 1) . The structure of this enzyme is essentially identical to those of cytochromes aa 3 , determined previously, from bovine heart [4] and Paracoccus ( P.) denitrificans [9] . As seen in Fig. 1 in the structure of the R. sphaeroides enzyme, only a few water molecules are found below the heme groups, while there is a large number of intraprotein water molecules above the hemes. Below the hemes, one chain of water molecules together with protonatable amino acid residues constitutes a proton pathway, called the D-pathway, which starts near Asp-132 in subunit I (D(I-132)) (Figs. 1 and 2). There is also a second pathway, which includes two structurally resolved water molecules and a highly conserved Lys (K(I-362)), called the K-pathway (Figs. 1 and 2). These pathways conduct protons from the proton input side (membrane negative (N) side) towards the binuclear center. The K-pathway is used for proton transfer towards the binuclear center during reduction of the enzyme to compensate for the appearance of the excess negative Fig. 1 . The overall structure of cytochrome c oxidase from R. sphaeroides. In (A), subunits I, II, III, IV are shown in different colors as indicated. In (B), only the cofactors and water molecules (red spheres) are shown. The structure has been rotated as compared to the view in (A). The heme groups are shown in yellow and the copper ions in blue. The redox-inactive Mg ion is shown in green. The approximate position of the membrane is shown. In (B), the reaction catalyzed by cytochrome c oxidase (see reaction formula) is illustrated. The two thick arrows indicate proton transfer through the D-and K-pathways (see Fig. 2 ). The protonexit pathway is indicated with a dashed arrow because its exact location has not yet been identified. In the reaction formula, the subscripts P and N indicate the side of the membrane from which the protons/electrons are donated. The figure was prepared using the Visual Molecular Dynamic Software [89] . Fig. 2 . The D and K proton transfer pathways in R. sphaeroides cytochrome c oxidase. Amino acid residues considered to be important components of the pathways are indicated. The figure was prepared using the Visual Molecular Dynamic Software [89] .
charge [10 -18] . Essentially, no effect on proton transfer during O 2 reduction was observed in mutant forms of the enzyme in which proton transfer through the K-pathway was blocked. Therefore, it was concluded that after O 2 binding, the remaining protons, used for both O 2 reduction and to be pumped, are transferred via the highly conserved residue E(I-286), through the D-pathway.
Although E(I-286) is a key residue of the D-pathway in respiratory oxidases in which it is present, there is a group of enzymes which do pump protons, but in which the Glu is not conserved; for example cytochrome ba 3 from Thermus (T.) thermophilus [19] , cytochrome aa 3 from Acidianus (A.) ambivalens and cytochrome caa 3 from Rhodothermus (R.) marinus [20] . Various combinations of other protonatable or polar residues are found in these enzymes at the same approximate location as that of E(I-286) in the R. sphaeroides enzyme. It has been shown that in the P. denitrificans and R. sphaeroides enzymes, E(I-286) can be replaced by combinations of residues mimicking the structural features of the T. thermophilus, R. marinus [21] and A. ambivalens [22] enzymes without loss of proton pumping. These results indicate that the proton pumping mechanism is the same in all these enzymes, and that other residues than E(I-286) may act as proton donors at the same spatial location (see below).
So far, a well-defined pathway used for the transfer of pumped protons from the area around the upper part (see Fig. 1 ) of hemes a and a 3 to the output (positive ( P) side) has not been identified (see Ref. [23] ).
Basic features of a proton pump
The basic properties of redox-driven proton pumps have been discussed extensively in the literature [24 -30] . One such feature is the possibility to establish an altered accessibility (alternating access) for protons to the two sides of the membrane upon transition between different states of the reaction cycle, also preventing simultaneous protonic contact between the two sides of the membrane (which would result in a short-circuit of the membrane potential). The accessibility may be regulated, e.g. through changes in the protein structure. Such changes might not necessarily take place on a large scale, but may be highly localized and limited to a movement of even a single protonatable group (e.g., a protonatable amino acid residue). This is because proton-transfer rates change by orders of magnitude for a change in the proton-tunneling distance of only a few Å ngström (e.g. Ref. [31] ). To accomplish efficient proton pumping, the switching between the different conformations must be controlled by the chemical reaction that drives the process so that protons are taken up from one side of the membrane and released to the other at specific times. The concept of such energy-linked conformational changes in proteins has been discussed in general terms by Lumry [32] (see also Refs. [33, 34] ).
The alternating access may be combined with changes in pK a of a proton carrier (''pumping element'') so that it has a high pK a in the input conformation, while the pK a is low in the output conformation (c.f. redox Bohr effect, [35] ). However, such pK a changes are not an absolute requirement and proton pumping may be accomplished also if the pK a of the pumping element is invariable [28, 36] .
Many models describing proton pumping in cytochrome c oxidase have been presented. After determination of the high-resolution three-dimensional structures of cytochrome c oxidases and ubiquinol oxidases, new and previously presented models can be put into a structural framework. Unfortunately, the limited space available to this paper does not allow for a detailed description of these models. If there are initially only two electrons in the enzyme, i.e. the binuclear center is reduced while heme a and Cu A are oxidized, binding of O 2 to heme a 3 (called state A) is followed by formation of a state called P M with a time constant of f 300 As [37] . In this state, the OUO bond is broken and the heme a 3 iron is in a ferryl state (Fig. 3 ). An electron and a proton needed for the OUO bond breaking are presumably donated by a Tyr residue (Y(I-288) in the R. sphaeroides enzyme) [39 -42,90,91] . This state is stable on the time scale of minutes and the reaction proceeds only upon further reduction of the enzyme.
Reaction of the four-electron reduced enzyme with O 2 -the P R state
If the reaction of the reduced binuclear center and O 2 is initiated in an enzyme in which heme a and Cu A are initially reduced (i.e. four-electron, fully reduced enzyme), binding of O 2 to heme a 3 (state A) is followed by electron transfer from heme a to the binuclear center simultaneously with the breaking of the OUO bond, which results in formation of the P R state with a time constant of f 50 As. The chemical structures of states P M and P R are presumably the same, except for the additional electron transferred from heme a to the binuclear center in the P R state [42, 92] (see Fig. 3 ). As a result of the electron transfer, a proton acceptor with a high pK a , presumably the Y(I-288) À or OH À bound to Cu B , is created at the binuclear center (see Refs. [2, 42] ).
3.3. The P R !F and the P M !F transitions Formation of state P R is followed by proton transfer to the proton acceptor created at the binuclear center forming a state that is called the ferryl state (F). Initially, the proton is provided by an internal proton donor, E(I-286) 1 , with a time constant of f 100 As, followed by reprotonation of E(I-286) from the bulk solution through the D-pathway (Fig. 3 ) ( [43 -46] , also discussed in detail below). During the P R ! F transition, there is also fractional electron transfer from Cu A to heme a with the same time constant as that of F formation [47 -49] .
During enzyme turnover, the relative populations of states P M and P R depend on the relative rates of reduction (determined by the concentration of cyt. c and the cyt. c In the reduced state, the binuclear center binds O 2 to form state A with a time constant of~10 As at 1 mM O 2 . If there is a third electron present on heme a prior to O 2 binding, the braking of the O-O bond is associated with electron transfer from heme a to the binuclear center, which results in formation of P R . In the next reaction step, a proton is taken up and P R relaxes to state F. Also if heme a is oxidized prior to initiation of the reaction, binding of O 2 is followed by breaking of the O-O bond, which results in formation of state P M . In P M one electron is taken from Y(I-288) (Y) to form a radical state (Y . O, see text). States P M and P R presumably have the same chemical structures, except that in P R , the Tyr radical is not formed (as the electron is taken from heme a). Reduction of state P M is associated with proton uptake and formation of F. The A ! F transition via P M requires that the additional electron is transferred with a time constant >300 As. In the next transition, a proton and an additional electron are transferred to the binuclear center which results in formation of the oxidized enzyme, state O. The P M ! F, P R ! F and F ! O transitions (dark green arrows in the main scheme) are all associated with a ''two-step'' proton uptake through the D-pathway (red and blue arrows in the lower scheme and structural model of the D-pathway), where initially a proton is transferred from E(I-286) to the binuclear center with a time constant of~100 As (red arrow), followed by reprotonation of E(I-286) from the bulk solution with a time constant b100 As (blue arrow). The twostep proton transfer can only be time resolved during the P R ! F transition (see text) because this is the only transition in which the proton acceptor at the binuclear center is formed within a shorter time than 100 As. In the scheme, it is indicated that the OH À bound to Cu B is the proton acceptor during the P R / P M ! F transition. Another possibility is that Tyr À is the acceptor and that in O two OH À are bound at the binuclear center (see also Ref. [38, 90, 91] ).
cyt. c 3 + ratio) and oxidation (determined by the O 2 concentration). From the above discussion, it follows that if after binding of O 2 to the reduced binuclear center (i.e. state A) an additional electron is transferred (time constant s ET ) from heme a before the proton is transferred (s ET < 100 As, in the fully reduced enzyme), then initially the P R state is formed. If s ET is in the range 100 As V s ET V 300 As, then P R is not formed to any significant extent and A decays directly to F because the proton-transfer time constant is f 100 As. However, if the transfer of the additional electron is slower than formation of P M (s ET >300 As) then P M is formed first (see Fig. 3 ) (see also Ref. [50] ). The electron transfer to the binuclear center in state P M is then associated with proton transfer and formation of F, where the overall time constant of F formation is mainly determined by that of the electron transfer.
The F!O transition
In the next step, an electron is transferred from the Cu A / heme a equilibrium to the binuclear center and a proton is taken up from the bulk solution through the D-pathway, presumably also through transient deprotonation of E(I-286) [45] , resulting in formation of the oxidized enzyme (state O) with a time constant of f 1 ms. It is worth noting that the events that are associated with the F ! O transition are similar to those that take place during the P M ! F transition (see Fig. 3 ), i.e. electron transfer to the binuclear center is associated with proton transfer through the D-pathway.
Proton uptake during O 2 reduction
As described above, one difference between states P R / P M and F is that in the latter, a group at the binuclear center is protonated. Previous studies have shown that when E(I-286) is replaced by its non-protonatable analog Gln, the reaction of the reduced enzyme with O 2 does not proceed beyond state P R [51 -54] . This means that the proton needed to form the F intermediate cannot be transferred to the binuclear center (in state P R ) when E(I-286) is removed [51] . When proton transfer into the D-pathway is blocked near the entrance of the D-pathway, at D(I-132), the F intermediate is formed with the same time constant ( f 100 As) as in the wild-type enzyme, even if proton uptake from solution is impaired [44, 46] . These results were interpreted to indicate that the P R ! F transition can take place using a proton from E(I-286) within the D-pathway, without proton uptake from the bulk solution [43, 45, 46] . In other words, in the wild-type enzyme, the proton transfer during the P R ! F transition takes place in two steps: a ratelimiting internal proton transfer from E(I-286) to the binuclear center is followed by rapid reprotonation of E(I-286) from the bulk solution (see Fig. 3 ). Thus, the investigation of the P R ! F transition provides information on the kinetics of the intramolecular proton transfer from E(I-286) to the binuclear center and the apparent pK a s of the protonatable groups involved in the reaction. A recent investigation of this transition in the R. sphaeroides enzyme showed that the apparent pK a of E(I-286), observed in the pH dependence of the P R ! F rate was 9.4 [43] . The scenario was modeled as shown in Figs. 3 and 4A .
Essentially the same model can be used for the P M ! F transition (Fig. 4B) . However, while in state P R , all electrons needed to form F are already present at the binuclear center and the P R ! F transition only involves proton transfer, during the P M ! F transition, the third electron must be transferred to the binuclear center through heme a. Therefore, this transition is slower [55] .
The same scenario also applies to the next transition, F ! O (Fig. 4B) . Since the intrinsic rate of the electron transfer between the hemes is rapid compared to that of proton transfer, the observed rate is determined by the fraction reduced binuclear center in state F times the proton-transfer rate (which is determined by the fraction protonated E(I-286)).
Proton pumping
On average, cytochrome c oxidase pumps one proton per electron transferred to O 2 [56, 57] . The initial step of O 2 reduction to form P M /P R is close to thermoneutral [58] , which conserves the free energy of the reaction so that it can be used for proton pumping during the following reaction steps [41] . Electrogenic events attributed to proton pumping have been identified with the P R /P M ! F and F ! O transitions [59] . Proton pumping during the F ! O transition was also demonstrated directly from measurements of pH changes in the bulk solution upon oxidation of fully reduced bovine cytochrome c oxidase reconstituted in phospholipid vesicles [60] .
One prerequisite for the function of cytochrome c oxidase as a proton pump is that the protons to be pumped and substrate protons are separated in space. Since both ''types of protons'' are taken up through the same (D) pathway, there must be a branching point in the pathway from which the substrate and pumped protons are transferred in a controlled way to different sites. In order to conserve energy, the pumped protons must be transferred to an acceptor site before the substrate protons are taken up from the bulk solution and used for the O 2 -reduction chemistry.
As discussed above, in the wild-type enzyme the time constant of the P R ! F transition is f 100 As (at pH 7). The same time constant for this reaction was observed with the DN(I-132) mutant enzyme [43, 46] , which does not pump protons. This result indicates that in the wild-type enzyme, the rate-limiting step of the P R ! F transition is the 100 As transfer of a substrate proton from E(I-286) to the binuclear center [43] , which seemingly contradicts the requirement for the faster transfer of a pumped than of a substrate proton. Nevertheless, the free energy can be conserved assuming the sequence of events outlined below. At this point, these assumptions are given without a detailed motivation. Since they form the basis for the proton-pumping model presented below, they are discussed and motivated in connection with the presentation of the model.
(i) E(I-286) is not immediately reprotonated from the bulk solution after proton transfer to the binuclear center. It is assumed that deprotonation of E(I-286) results in a transient structural change of the E(I-286) side chain. This structural change results in creation of proton acceptor, A, located towards the P-side of the membrane. The acceptor has a high pK a (higher than the pH on the N-side) and binds a ''pumped proton'' from the N-side. Proton transfer to this acceptor is faster than reprotonation of E(I-286) and relaxation of the structural change.
(ii) E(I-286) has a high apparent pK a , i.e. the driving force for proton transfer from E(I-286) to the binuclear center is ''modest''. A high apparent 2 pK a is manifested because the deprotonation of E(I-286) is associated with a structural change (see point (i)), which results in an increase in the pK a of the proton acceptor, A. In other words, the free energy available from protonation of the high pK a proton acceptor at the binuclear center during O 2 reduction is conserved during the internal proton transfer.
Structural changes around E(I-286) in cytochrome c oxidase
As discussed above, the apparent pK a of E(I-286) has been shown to be significantly elevated (9.4 or above, depending on the measurement conditions) as compared to the amino acid in solution [61 -65] , see also Refs. [66, 67] ). In the wild-type R. sphaeroides enzyme the side chain of E(I-286) is located in a hydrophobic region of the protein, hydrogen-bonded to the carbonyl oxygen of M(I-107) [8] (Fig. 5A , and yellow structure in panel B), which partly explains the high pK a value of the E(I-286) side chain. Replacement of E(I-286) by its non-protonatable analog Gln (EQ(I-286) mutant enzyme) results in a rearrangement of the side chain so that Q(I-286) is no longer hydrogen bonded to M(I-107) [8] (Fig. 5, blue structure) . As a result, residues M(I-107) and W(I-172) move ''up'' (c.f. yellow and blue structures in Fig. 5B ). This reallocation results also in structural changes around the D-ring propionates of hemes a and a 3 , near W(I-172). In the EQ(I-286) enzyme the D-ring propionate of heme a 3 , which in the wild-type enzyme forms a salt bridge with R(I-481), is moved away Fig. 4 . (A) The P R ! F, transition. In P R the proton acceptor is present at the binuclear center already prior to the proton transfer and the reaction rate is determined by the fraction protonated E(I-286) (E) (a EH (pH)) times the proton-transfer rate from E(I-286) to the binuclear center (k H 0 ). E H and E À are the protonated and unprotonated states of E(I-286), respectively. (B) The P M ! F and F ! O transitions also involve electron transfer to the binuclear center and the transition rates are therefore also determined by the fraction of the binuclear center that is in the reduced state (I À , in rapid equilibrium with heme a and Cu A ). At pH 7 (i.e. at pH < pK a of E(I-286) ( = 9.4)) only the states in the rectangle are populated to a significant level. In both (A) and (B), the unprotonated E is reprotonated (depending on pH) after completion of the reaction.
from the R(I-481) and a water molecule enters between the two groups. In addition, there is a rotation of the R(I-482) side chain. The same local structural changes were also observed in the X-ray crystal structure of the wild-type enzyme at pH 10, i.e. above the apparent pK a of E(I-286) (unpublished data).
The above discussed comparison of the structures of the wild-type and EQ(I-286) mutant enzymes (as well as the wild-type enzyme structure at pH 10) indicates that there is a structural correlation between reallocation of the E(I-286) side chain and structural changes around the heme propionates. Thus, in the wild-type enzyme at neutral pH, transient deprotonation of E(I-286), which also results in breaking the hydrogen bond to M(I-107) and reallocation of the E(I-286) side chain [68] , is expected to result in structural changes around the propionates. Since the R(I-481)/R(I-482)/heme Dring propionate carboxylate cluster may act as an acceptor for pumped protons [23,69 -77] , the observed changes suggest a possible scenario for proton translocation by cytochrome c oxidase.
A model for proton pumping by cytochrome c oxidase
On the basis of the two different conformations discussed above, we define two states of the enzyme (Figs. 5B and 6): State (o) in which E(I-286) is protonated and the R(I-481)/R(I-482)/heme propionate carboxylate cluster (called proton acceptor A) has a low pK a (lower than the pH on the P-side) and is in rapid contact with the Pside (yellow structure in Fig. 5B) . State (i) in which E(I-286) is unprotonated, A has a high pK a (higher than the pH on the N-side) and is in rapid contact with the N-side (blue structure in Fig. 5B ). -286) ) and M(I-107) results in movement of the side chains of the residues as shown (''blue structure'', the ''yellow structure'' is the same as in (A), i.e. that of the wild-type enzyme). Upon transition from the yellow to the blue structure, the distance between R(I-481) and the D-ring propionate of heme a 3 increases, and a water molecule enters between the groups. In addition, the side chain of R(I-482) rotates. The encircled numbers indicate the sequence of proton-transfer reactions after formation of a proton acceptor at the binuclear center; proton transfer from E(I-286) to the binuclear center is followed by proton transfer from the bulk solution, through E(I-286) to the proton acceptor A (the heme propionates/R(I-482)/ R(I-482) cluster). States (o) and (i) are defined in Fig. 6 . The R. sphaeroides structures are from Ref. [8] . The figure was prepared using the Visual Molecular Dynamic Software [89] .
Initially, in the relaxed state at pH 7, in the major fraction of the enzyme population E(I-286) is protonated, A is unprotonated (A À , low pK a ) and in contact with the P-side (o state) (yellow box on the left-hand side in Fig. 7 ). As discussed above, during the P M /P R ! F and F ! O transitions, E(I-286) becomes transiently unprotonated, driven by the O 2 -reduction reaction at the binuclear center (I À and I H in Fig. 7 correspond to the unprotonated and protonated intermediates, respectively, at the binuclear center), which results in a breaking of the E(I-286) -M(I-107) hydrogen bond. This reaction switches the enzyme into the (i) state. The internal proton transfer from E(I-286) to the binuclear center may take place along two different pathways (a or b in Fig. 7) . A reaction sequence through pathway a means that E(I-286) donates the proton to the binuclear center while in the position where it is hydrogen bonded to M(I-107). In the reaction sequence through pathway b, E(I-286) donates the proton to the binuclear center in a state where the protonated E(I-286) is not hydrogen bonded to M(I-107), which is the case in a very small fraction of the enzyme population (initially, the equilibrium between states 1 and 2 in Fig. 7 is shifted towards state 1). A change in the position of E(I-286) prior to proton transfer (i.e. pathway b) is supported by results from studies of the deuterium isotope effect on the rate of the F ! O transition [68] .
In the (i) state the pK a of the A acceptor increases, which results in the protonation of A (transition from state 3 to 4 in Fig. 7 ) and reprotonation of E(I-286) (step 4 ! 6) from the N-side. When E(I-286) is protonated, the conformation relaxes back to (o), which results in a lowering of the pK a of A and proton release to the P-side (step 6 ! 8). Further electron transfer to the binuclear center initiates a new cycle.
Discussion of the model

Properties of the R(I-481)/R(I-482)/heme propionate cluster
The arginine R(I-481) is a highly conserved residue among respiratory oxidases and R(I-482) is fully conserved among the oxidases sequenced to date [20] . Thus, the cluster consisting of electrostatically interacting heme propionates and the Arg residues is a common structural theme of the heme-copper oxidases. This cluster is also connected through hydrogen bonds to the proton output side (Fig. 1) . Results from electrostatic calculations [78] suggest that the D-ring propionates of both hemes are stabilized in the anionic states. The calculations also suggested that reduction of the binuclear center may result in protonation of the Fig. 7 . The sequence of reactions according to the proton-pumping model discussed in the text. The yellow and blue boxes represent the output (o) and input (i) states, respectively (c.f. also the structures in Fig. 5 ). The initial, relaxed state is the output state (the equilibrium is strongly shifted towards state 1, c.f. thick and thin arrows between states 1 and 2). In this state, the acceptor A is in the unprotonated state and it has a pK a lower than the pH on the P-side. Proton transfer to the binuclear center (I À , i.e. with an unprotonated proton acceptor at the binuclear center) takes place either through pathway (a), or through population of the state R(I-481)-R(I-482) -propionates cluster, which implies that the effective pK a of the cluster is likely to be found in a range where it can become protonated at physiological pH.
Results from experiments using Fourier transform infrared spectroscopy also indicate that the heme propionates are in their anionic states in the oxidized enzyme [70] . The results from the same study also suggested that the D-ring propionate of heme a might become protonated upon reduction of the enzyme, while the D-ring propionate of heme a 3 might undergo structural changes, which were suggested to lead to protonation of the cluster of interacting residues around the propionate [70] .
Results from investigations of enzyme in which R(I-481) and R(I-482) were mutated systematically in cytochrome bo 3 from E. coli indicated that proton pumping requires that the D-ring propionate of heme a 3 is stabilized in the anionic state [72] . The model presented in this paper is consistent with these results because if the anionic form is destabilized, the D-ring propionate is more likely to be found in the protonated state already prior to initiation of the oxidase reaction. This would also result in an increase in the distance between R(I-481) and A, which would stabilize the (i) state, relative to the (o) state, also when E(I-286) is protonated. Consequently, during O 2 reduction, protons would be taken from the wrong ( P-) side of the membrane.
Proton transfer to A
The model presented in this work is based on the structural changes observed upon replacement of E(I-286) by Gln (and upon increase in the pH of the wild-type enzyme to 10). We assume that the structural changes around the heme propionates that occur as a result of changes in the conformation of the E(I-286) side chain, also take place upon transient deprotonation of E(I-286) during turnover in the wild-type enzyme. The deprotonation of E(I-286) is assumed to be followed by rapid proton transfer to A. A proton-transfer connection between E(I-286) and the heme propionates has been suggested on the basis of an analysis of the three-dimensional structure of cytochrome c oxidase (see Refs. [23,69 -77,79] ). Also results from theoretical calculations indicate that water formed at the catalytic site during O 2 reduction may be pushed into the region above E(I-286) through the hydrophobic cavity between E(I-286) and the binuclear center ( [76, 80] , see also Ref. [81] ).
It should be noted that the degree of protonation of A is determined by the pK a of A and the solution pH on the Nside. The difference in the pK a s of E(I-286) and A determines the kinetics of the proton transfer to A.
One characteristics of the model is the increase in the pK a of A upon transition from state (o) to state (i). We note that upon transition form (o) to (i), the distance between R(I-481) and the D-ring propionate of heme a 3 increases and that the side chain of R(I-482) rotates. In the relaxed state, the cationic state of R(I-481) and the anionic state of the D-ring propionate of heme a 3 are stabilized in a salt bridge between the groups. Therefore, an increase in the distance between the two groups is likely to result in a relative stabilization of the protonated state of the propionate. In addition, the rotation of R(I-482) may also stabilize the protonated state of the D-ring propionate of heme a. Consequently, the structural changes are likely to result in an increase in the pK a of A.
In the discussion of the pK a changes of A, we have not considered the reduction state of the redox centers or the charge of E(I-286) (i.e. electrostatic interactions). The reduction of, e.g. heme a 3 or deprotonation of E(I-286) (appearance of a negative charge at the (I-286) position) are expected to result in an increase in the pK a of the proton acceptor A. According to the model, electron transfer to the binuclear center (i.e. formation of I À ) is initially associated with an internal proton transfer, which maintains the excess negative charge within the E(I-286)/binuclear center until reprotonation of E(I-286). Thus, the pK a of A is expected to increase upon electron transfer to the binuclear center, before E(I-286) becomes reprotonated.
Energetics of the pump
The free-energy difference corresponding to the pK a s of A in states (i) and (o) must be at least the same as that corresponding to the transfer of a charge against the electrochemical potential across the membrane, i.e. f 200 meV. Even though the actual DpH across the membrane may constitute only a small fraction of the total electrochemical potential, the DpH across the pumping element (A) is expected to be f 3.5 units (which corresponds to f 200 mV) because A is connected to the two sides of the membrane through pathways that can transfer protons but not other ions. This is an example of a ''proton well'', defined by Mitchell [82] , a structure that converts the electrical component of an electrochemical gradient to a difference in the effective pH. In order to achieve efficient proton pumping, the pK a of A should change from a value above the effective pH on the input (N) side (in the (i) state) to a value below the effective pH on the output ( P) side (in the (o) state). Thus, the DpK a should be at least 4 -5 units. According to the model, the free energy corresponding to this change in pK a is provided by the breaking of the E(I-286) -M(I-107) hydrogen bond and the appearance of a charge at E(I-286). Estimates of the free energy associated with breaking of hydrogen bonds have given values in the range 10 -40 kJ mol À 1 [83, 84] , which corresponds to f 2-7 pK a units. However, it is difficult to estimate the net free energy associated with breaking the hydrogen bond because new hydrogen bonds may be established with water molecules in the D-pathway as a result of the local structural changes. A much larger contribution to the change in free energy is most likely provided by the appearance of a negative charge at E(I-286), inside the protein (c.f. [29] ). Also in this case, it is difficult to estimate the change in free energy because the appearance of the charge is likely to result in rearrangement of nearby water molecules (c.f. the effective local dielectric constant) and the charge is likely to be partly compensated for by unspecific fractional protonation of other groups in the protein. Nevertheless, the freeenergy change associated with deprotonation of E(I-286) is likely to be found in the required range.
Another way to estimate the net free-energy change upon deprotonation of E(I-286) is to consider the (increased) apparent pK a of E(I-286) (9.4) as compared to a Glu residue in water solution (a difference of f 5 units). The pK a of 9.4 was determined from measurements of the kinetics of the P R ! F transition under conditions where the transition is irreversible [43] . Since the reaction involves deprotonation of E(I-286) and the breaking of the E(I-286) -M(I-107) hydrogen bond, the apparent pK a is a direct measure of the net change in free energy associated with the sum of the contributions from the appearance of the charge and the breaking of hydrogen bond.
In addition to the above discussed properties, changes in the reduction state of the binuclear center and/or heme a are likely to alter the pK a s of A and E(I-286) during the transitions between states P, F and O. Furthermore, the change in the electrostatic field around the metal sites during the transitions could also modulate the difference in the local electrostatic potential across the pumping element (i.e. the DpH across A, c.f. proton well discussed above).
A requirement for efficient proton pumping following pathway b (Figs. 7 and 8) is that protonation of A is faster than reprotonation of E(I-286) and relaxation of the enzyme to the (o) state (see Fig. 8 ), i.e. that the proton transfer from the D-pathway to A in state (i) (transition 5 ! 6 in Fig. 8 ) must be faster than the proton transfer to E(I-286) (transition 3 ! 5). This means that the transition takes place through states 3 ! 4 ! 6 (Figs. 7 and 8) . Alternatively, the E(I-286) to A proton transfer (5 ! 6 in Fig. 8 ) is faster than the transition from state (i) to (o) (5 ! 8 in Fig. 8 ). When following pathway a, the transition from (o) to (i) (9 ! 3 in Fig. 8 ) must be faster than reprotonation of E(I-286) in state (o) (9 ! 8 in Fig. 8) .
Another requirement for efficient proton pumping is that in the (i) state (unprotonated E(I-286)), A picks up a proton from the N-side and not from the P-side, while in the (o) state, A releases a proton to the P-side, but not the N-side. This scenario requires that the proton-transfer rates to and/or from A change between the two states (see filled and empty rectangles in Fig. 7 ), which may be accomplished through the changes in the water structure observed around A (compare the location of water molecules around the propionates in the yellow and blue structures in Fig. 5 ). Also the water structure between E(I-286) and A may change as a result of the structural rearrangement of the E(I-286) side chain. According to the recently proposed ''water gate'' model [79] , such structural changes were suggested to control proton transfer from the region around E(I-286) towards the binuclear center and the P-side, respectively.
Other experimental results related to the model
One important aspect of the model is that deprotonation of E(I-286) results in structural changes around the heme Dring propionates. It has been shown that E(I-286) can be replaced by other protonatable residues also located at other positions in the same region of the protein, still maintaining a proton-pumping activity, although with a stoichiometry that is lower than one pumped proton per electron [21, 22] . These results can be explained in the framework of the model. As in the wild-type enzyme, the proton acceptor A is initially in the (o) state also in these mutant enzymes and there is a hydrogen-bonded network of water molecules and polar amino acid residues spanning through the region. Deprotonation of an amino acid residue or a water molecule located at a region near the I-286 site results in destabilization of this structure in the same way as does deprotonation of E(I-286) (see discussion above), which results in a shift of the equilibrium towards the (i) conformation. The same scenario applies to heme-copper oxidases in which E(I-286) is not conserved but in which other protonatable residues or water molecules can act as transient proton donors within the D-pathway (see, e.g. [85] ).
The model is also supported by results from studies of mutant enzymes in which residues in the D-pathway were modified and which display a lost or diminished protonpumping activity [53, 64, 86] . Any alteration of the electrostatic field or water structure around E(I-286) (i.e. the apparent pK a of E(I-286)) is expected to alter the relative rates of proton transfer to the binuclear center and to A, respectively, as well as of the transition rates/equilibrium constant between the (o) and (i) states, which would result in a lower pumping stoichiometry [64] . In one of these mutant enzymes (ND (I-139) ), proton pumping was impaired, yet the full oxidase activity was retained ( [87, 88] , see also Ref. [86] ). In the ND(I-139) mutant enzyme the apparent pK a of E(I-286) was found to be f 11, i.e. f 1.6 units higher than that observed with the wild-type enzyme, but the protontransfer rate from E(I-286) to the binuclear center was about the same as that in the wild-type enzyme [88] . Since the increased apparent pK a of E(I-286) is expected to result in a stabilization of the protonated state of E(I-286) relative to that of A, after proton transfer from E(I-286) to the binuclear center, the proton transfer to A in state (i) is expected to be slower than in the wild-type enzyme. Consequently, in the mutant enzyme E(I-286) would become reprotonated (and the enzyme would relax to state (o)) before A is protonated, which would uncouple the proton pump. Alternatively, the mutation may alter the equilibrium constant between states (o) and (i), which is also expected to result in a lower pumping stoichiometry, manifested in an altered apparent pK a of E(I-286).
Summary
In the initial step of the catalytic cycle of cytochrome c oxidase O 2 is reduced in a close to thermoneutral reaction by four electrons forming the P state. As pointed out by Babcock [41] , in this state, O 2 is fully reduced but the product water molecules are incompletely protonated. Thus, the free energy is initially stored by way of formation of high pK a proton acceptors at the binuclear center. According to the presented model, initially, protons are transferred to the binuclear center from an intramolecular proton donor, in the R. sphaeroides enzyme suggested to be E(I-286). The deprotonation of E(I-286) results in local structural changes. As a consequence, the pK a of a proton acceptor A (at the R(I-481)/R(I-482)/heme D-ring propionate carboxylate cluster) increases and the proton connectivity of A with the Pside is disrupted. As a consequence, A becomes protonated from the N-side, through E(I-286). After reprotonation of E(I-286) the transient structural changes around A relax to the initial state, which results in a drop of the pK a of A and proton releas to the P-side. The proton uptake and release are further controlled by redox changes of the hemes and electrostatic interactions between E(I-286) and A.
